Background: River restoration efforts are expected to influence and change the diversity and functions of 16 microbial communities following the recovery of habitat characteristics in the river ecosystem. The recreation or 17 restoration of gravel bars in the Trinity River in California aims to rehabilitate the environmental heterogeneity 18 downstream of the dam impounded channel. Here, we profiled the community composition, estimated diversity, 19 and annotated putative metabolic functions of the sediment microbial communities to assess whether the 20 construction and restoration of gravel bars in the Trinity River in California enhanced environmental 21 heterogeneity, with the increase in the microbial beta diversity of these in-channel structures against the free-22 39 Background 42 Dam construction and operation alters river hydrological regimes that directly influence various biogeochemical 43 processes and ecosystem functions [1], which may induce community structure and functional homogenization 44 in the dam-regulated river channel [2]. In particular, damming-induced changes are expected to influence beta 45 diversity components of the downstream environment having huge implications for reservoir management and 46 regional species diversity conservation [3]. Some restoration attempts on dam-impacted or sediment-limited 47 128 6
flowing reach of the main channel with comparison to its undisturbed tributaries.
23
Results: Microbial community composition of the free-flowing (i.e., no gravel bars) communities were relatively 24 closer regardless of dam influence, whereas the Trinity River gravel bar and tributaries' gravel bar communities 25 were highly dissimilar. Proteobacteria, Bacteroidetes, and Acidobacteria were the highly abundant sediment 26 microbial phyla on most sites, specifically in the Trinity River gravel bar communities. Putative functional 27 annotation of microbial taxa revealed that chemoheterotrophy and aerobic chemoheterotrophy were the most 28 prevalent microbial processes, with the Trinity River gravel bars having relatively higher representations. The 29 considerably large abundance of heterotrophic taxa implies that gravel bars provide suitable areas for 30 heterotrophic microorganisms with metabolic functions contributing to the net respiration in the river.
31
Conclusions: Our results provide supporting evidence on the positive impact of habitat restoration being 32 conducted in the Trinity River with the non-dam influenced, undisturbed tributaries as the basis of comparison. 33 Gravel bar recreation and restoration contributed to the increased microbial biodiversity through the restoration 34 of environmental heterogeneity at the river scale. We provided valuable insights into the potential microbial 35 processes in the sediment that might be contributing to the biogeochemical processes carried out by the 36 microbial communities in the Trinity River. The significant positive correlation between the functional diversity 37 of the identified microbial taxa and beta diversity suggests that differences in the detected metabolic functions 38 were closely related to dissimilarities in community composition. lotic ecosystems aim to increase biogeochemical processing by integrating gravel augmentation to improve the 48 hydrologic, geomorphic, and ecological processes in the river channel [4] [5] . In-channel gravel features, e.g., 49 ripples, bars, and meanders created by the addition of coarse sediments, provide environmental heterogeneity 50 to rivers by diversifying the hydrodynamic exchange and residence time distribution [6] to promote the 51 reestablishment of normative rates and magnitudes of physicochemical and biological processes [7] . 52 In particular, gravel bars provide areas of increased biogeochemical activities due to the enforced hydrodynamic 53 exchange [8-9] retaining organic matter filtered from surface waters in the hyporheic zone (i.e., the interface 54 between surface and groundwater) for the utilization of river biota, and enhances nutrient cycling with 55 consequent benefits to ecosystem metabolism [10] . The rise in environmental heterogeneity is expected to 56 influence an increase in beta diversity, given that more heterogeneous conditions produce greater variation in 57 species composition among localities within a regional unit [11] [12] [13] . Habitat heterogeneity in the form of spatial 58 chemical and nutrient differences sufficiently drives beta diversity between microbial community composition in 59 a floodplain [14] . Additionally, different taxonomic groups are expected to have different functional metabolic 60 profiles [15] . Parallel taxonomic and functional diversity has been observed for microbial communities [16] . A 61 study on stream microbial communities revealed consistent profile trends between taxonomic composition and 62 functional profile in response to different land-use i.e., agriculture, wetland, and forested suggesting its influence 63 on their contribution to various stream biogeochemical processes [17] . 64 The taxonomic or functional diversity of microbial communities have been used as indicators of lotic ecosystem 65 health due to their essential roles in organic carbon compounds and nutrient biogeochemical cycling [9, 18] . 66 Changes in physical and biogeochemical factors directly affect microbial diversity and community composition, 67 which inherently influence river ecosystem processes [18] [19] reduced bacterial diversity and shifts in community composition in riparian sediments due to changes in the 78 physicochemical properties of sediments as a result of damming. High loading of fine sediments clogs interstitial 79 hyporheic spaces reducing porosity and water exchange between ground and surface water [27] [28] [29] . Alongside 80 the translocation of fine particulate organic matter, sedimentation is expected to induce changes in microbial 81 activity associated with shifts in biogeochemical processes (e.g., change from nitrification to denitrification) [21] . 82 River restoration activities brought about by the restoration of habitat characteristics are expected to influence 83 the diversity and composition of sediment microbial communities [26, 30] . Hence, microbial communities can 84 be used as sensitive indicators of environmental changes to provide insights on the progression of aquatic 85 habitat restoration [31] . Here, we profiled the community composition, estimated diversity, and annotated 86 putative metabolic functions via next-generation sequencing of the 16S rRNA gene amplicon (V4 hypervariable 87 region) of the sediment microbes of gravel bars along the main channel of a river undergoing restoration due to 88 the impacts of dam impoundment. We also explored the association of microbial structure against different 89 environmental variables. Our study represents the first attempt to explore the sediment microbiome of the Trinity 90 River, California, and utilize microbial community data as a sensitive and integrative tool for the rapid 91 assessment of the environmental impacts of restoration management in the channel. Comprehensive 92 restoration programs for the Trinity River, which has been impounded by the Trinity and the Lewiston dams Table S1 ). Homogeneity of multivariate dispersion (PERMDISP) was used to test if differences in environmental 120 conditions existed among the samples based on different categorical factors (See Table S2 for the PERMDISP 121 F-statistics and P-values). pH and total suspended solids (TSS) showed significant differences in the 122 environmental heterogeneity for "Reach" (2 levels -between the B and F samples) and "River × Reach" (4 123 levels-between the T-B, T-F, R-B, and R-F samples). Ammonium nitrogen (NH4-N), ash-free dry mass (AFDM), 124 and nitrate nitrogen (N03-N) were also significantly different among the "River × Reach × Point" (8 levels - and Planctomycetacia were dominant with at least 1% from the total reads. At the phylum level, Proteobacteria 143 was the most dominant (59.3%), followed by Bacteroidetes (18.1%), Acidobacteria (7.2%), Nitrospirae (4.2%), 144 Verrucomicrobia (3.8%), and Planctomycetes (3.6%) which accounted for 96.2% of the total bacterial 145 sequences, and appears on most of the sampling points. Also, Gemmatimonadetes, Cyanobacteria, 146 Elusimicrobia, and Chloroflexi were relatively abundant (with more than 0.4% of the sequences) with a large 147 sample to sample variation. A heatmap representation of the phylum-level assignment for each of the twenty-148 four communities is presented in Figure S3 . 149 Microbial richness and diversity measures 150 Alpha diversity indicators were calculated (Table S4 ). The richness indices of the 24 sampling points for Chao1 151 and Fisher's alpha metrics approximately ranged from 3 to 509 and 0.37 to 129, with gravel bar points B6UZ, .064) values of the categorical factor "River" showed statistical significance at P = 0.10 ( Table 1 ). 163 Differences in microbial community structure between categorical factors 164 Plots from principal coordinates analysis (PCoA) of each categorical factor were presented in Figure 1 (A-E). 165 PCoA revealed that the microbial communities were relatively distinct between the Trinity River and its was not significant at P = 0.05 ( Fig. S6 ; Table 2 ). A separate test of homogeneity of dispersion via Permutational 186 Analyses of Multivariate Dispersions (PERMDISP) followed by an analysis of variance (ANOVA) test showed 187 significant differences in the microbial community dispersion (within-group variation in beta-diversity) among all 188 of the categorical groups and combinations (i.e., "River × Reach" and "River × Reach × Point") except for "River" 189 (FPERMDISP = 1.86, PPERMDISP = 0.193) ( Fig. S6 ; Table 2 ). 190 Indicator taxa associated with each categorical factor 191 Pairwise taxonomic comparison heat trees based on ASV abundance (>0.10 total read abundance) for the 192 "River × Reach" categories were generated via metacoder (Fig. 2) (Table S5) Bray-Curtis distance-based redundancy analysis (dbRDA) was performed to evaluate the relationship between 214 the taxonomic compositions of microbial communities and the environmental variables ( Fig. 3 ). All seven 215 environmental parameters assessed in this study have less than or equal to a variance inflation factor (VIF) 216 score of 3. The global dbRDA model was statistically significant following a permutational ANOVA test (F = 1.33, 217 P = 0.0024). The first and second axis of the dbRDA plot explained 10.5% and 17.7% of the variation in the 218 data, respectively. The first axis was statistically significant (F = 2.66, P = 0.005), and was negatively correlated normalizing the cumulative abundances of the ASVs associated with at least one function (Fig. S8) . 231 Chemoheterotrophy was the most commonly annotated function for most microbial communities except for the 232 samples without any annotated functions and B5DZ with only a predatory or exoparasitic group match. Aerobic 233 chemoheterotrophy was also prominent for most of the gravel bar samples. Grouping the functional groups 234 based on "River × Reach" revealed T-B has 34 represented functional groups, followed by T-F and R-F with 235 fourteen and thirteen respectively (Fig. 4a ). In addition to chemoheterotrophy, aerobic chemoheterotrophy and The functional dissimilarity calculated based on Jaccard distance was significantly correlated with the 242 community dissimilarity estimated at the genus-level (Bray-Curtis distance) for both the Mantel test (r = 0.2715, 243 P = 0.0015) ( Fig. 4b ) and the Procrustes test (m 2 = 0.2801, correlation in a symmetric Procrustes rotation = 244 0.8485, P < 0.001). Similarly, functional dissimilarity showed significant correlation with the incidence-based 245 community dissimilarity estimated at the genus-level (Jaccard distance) for both the Mantel test (r = 0.2948, P 246 = 0.0008) ( Fig. 4c ) and the Procrustes test (m 2 = 0.2734, correlation in a symmetric Procrustes rotation = 0.8524, 247 P < 0.001). have been reported to produce hydraulic gradients by creating bed topography, introduced highly permeable 270 freshly-deposited coarse sediments, which increased channel complexity [5] . 271 River restoration projects are conducted under the assumption that physical habitat restoration will increase 272 biodiversity [36] . In particular, channel re-configuration by adding meanders and physical structures, e.g. scale. This study is the first to report that sediment microbial communities exhibit significant beta diversity 282 between gravel bars and the free-flowing reaches, implying that environmental heterogeneity due to in-channel 283 modifications drive microbial community composition in this system. 284 Furthermore, we found a significant positive correlation between the functional diversity of the identified 285 microbial taxa and beta diversity, suggesting that differences in the detected metabolic functions were closely 286 related to dissimilarities in community composition. Likewise, closely associated variations in taxonomic and 287 functional composition have been reported on eutrophic river-lake water and sediment bacterial communities 288 [40], and for marine microbial communities on both temporal and spatial scales [16, 41] . Although the functional 289 assignment based on microbial taxonomy employed in this study is putative, our results provide valuable 290 insights into the potential microbial processes in the sediment that might be contributing to the biogeochemical 291 processes carried out by the microbial communities in the Trinity River in comparison to its pristine tributaries 292 and present its linear relationship with increasing community dissimilarity owing to the re-establishment of 293 environmental heterogeneity due to gravel bar restoration. 294 Proteobacteria, Bacteroidetes, and Acidobacteria, which have been previously described as ubiquitous to be significantly different between the Trinity River and tributary gravel bars, and free-flowing sites. This 349 observation was consistent with previous studies in freshwater sediments reporting that variations in bacterial 350 communities within wetland sediments were highly influenced by pH [22, 65] . Almost all of the Trinity River 351 gravel bar points showed circumneutral pH levels except for one (i.e., B5DZ). Microbial diversity in terrestrial 352 soil habitats strongly influenced by pH showed higher diversity with neutral pH than high or low ones [66] . 353 On the other hand, although the Trinity River communities (by "River") and the gravel bar communities (by Table 1 Significance test of alpha diversity estimates at different categorical factors. Student's t-test for factors with 2-levels, and 1-way ANOVA for independent samples for factors with more than 2: "River" (2 groups: Trinity Riverdam-728 influenced, Reference Rivernon dam-influenced); "Reach" (2 groups: gravel bars, free-flowing segment); "Point" (4 groups: upand down-welling, and up-729 and down-stream); "River × Reach" and "River × Reach × Point" with 4 and 8 groups, respectively. F: F-statistic; P: p-value. Significant effects and interactions 730 are highlighted in bold (significance value < 0.1). ANOSIM, PERMANOVA and PERMDISP2 analysis to test the effect of "River", "Reach", and "Point" on the microbial communities at the genus level. 
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